The perceptual use of multisensory information apparently changes with age. Yet it remains unclear 13 whether previously reported age-effects arise from changes in the sensory computations by which 14 information is combined, from a reduced sensory precision with age, or changes in the belief that 15 different sensory-motor cues are causally linked. To address this question we analysed how healthy 16 young and older adults integrate audio-visual information within (ventriloquist-effect) and between trials 17 (ventriloquist after-effect) using models of Bayesian causal inference. Despite a reduced precision of 18 sensory representations in the elderly, both groups exhibited comparable ventriloquist biases that were 19 reproduced by largely the same sensory computations. While the after-effect bias was also comparable 20 between groups, modelling showed that this was driven by previous sensory information in younger but 21 by the previous response in older participants. This suggests a transition from a sensory-to a behavior-22 driven influence of past experience on subsequent choices with age, possibly related to the reduced 23 sensory precision or memory capacity with age. 24 25 26
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INTRODUCTION 31
One of the commonly known features of healthy aging is losing the 'sharpness' -such as the precision 32 of sensory perception (Dobreva et al., 2011; Lindenberger and Baltes, 1994 ; Otte et al., 2013; Salthouse, 33 1996) , that of memory (Salthouse, 2019 (Salthouse, , 2010 , or the swiftness of responses (Falkenstein et al., 2006;  34 Jones et al., 2019) . Such changes in perception are accompanied by alterations in brain structure or 
45
Previous studies have described a number of ways in which multisensory perception seems to change 46 with age (Freiherr et al., 2013) : older adults seem to benefit more from multisensory information during 47 speeded detections (Diaconescu et al., 2013) , older adults are more strongly influenced by task- 
59
The focus of this study was to understand the nature of potential age-related changes in audio-visual 60 spatial perception. We compared changes in two multisensory response biases between young (18 ~ 61 35 years) and older (62 ~ 82 years) healthy participants: the within-trial integration of multisensory 62 information (the ventriloquist effect) and the trial-by-trial recalibration of unisensory perception based on 63 a previous multisensory stimulus (the so-called ventriloquist after-effect). Using the framework of 67 second, the a priori belief that sequential experiences are causally linked and hence should be combined 68 for a subsequent behavior; third, the decision rules used to forge sensory estimates derived from 69 different causal models underlying the received multisensory information; and fourth, the ability of the 70 same computational architectures to account for the behavioral data of younger and older participants.
71
In brief, our results show that both multisensory integration and recalibration are preserved with age, 72 despite a decline of sensory precision with age. However, they also show that the mechanism by which 73 previous experience shapes subsequent behavior during trial-by-trial recalibration changes with age, 74 shifting from a sensory-driven to a behavior-driven influence of past experience on subsequent choices. (Simmons et al., 2011) . All participants submitted informed written consent. The YA had 83 self-reported normal vision and hearing and indicated no history of neurological diseases. OA's were 84 screened for normal vision and hearing: pure-tone audiometric thresholds were obtained at 500 Hz, 85 1000 Hz, and 2000 Hz and individuals with average thresholds higher than 30 dB for either ear were 86 excluded (mean ± SD thresholds for included participants: 14.1 dB ± 6.4 dB, 13.8 dB ± 6.8 dB for the 87 left and right ear respectively). The visual acuity was 20/25 or 20/20 for all OA participants. OA were 88 also tested on the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005) and all OA's scored 89 above 26, indicating no cognitive impairment (mean ± SD: 28.8 ± 1.56). Data from two YA (both females) 90 had to be excluded as they were not able to perform the task correctly. One OA did not pass the hearing 91 test and two did not pass the spatial hearing test (see below; both females). Therefore, data are reported 92 for a sample of 22 YA and 21 OA. 
Experimental Setup 107
The paradigm was based on a single-trial audio-visual localization task (Park and Kayser, 2019; D. R. 108 , with trials and conditions designed to probe both the ventriloquist effect and 109 the ventriloquist aftereffect. Participants were seated in front of an acoustically transparent screen, with 110 their heads on a chin rest. Five speakers were located immediately behind the screen. Participants 111 responded with a mouse cursor ( Figure 1A ).
112
The participants' task was to localize a sound during either Audio-Visual (AV) or Auditory (A), trials, or 113 to localize a visual stimulus during few Visual (V) trials. The locations of auditory and visual stimuli were 114 drawn semi-independently from the 5 locations to yield 9 different audio-visual discrepancies 115 (abbreviated ΔVA in the following; -34°, -25.5°, -17°, -8.5°, 0°, 8.5°, 17°, 25.5°, 34°). We repeated each 116 discrepancy between the locations of auditory and visual stimuli 44 times for YA, 45 times for OA, 117 resulting in a total of 396 AV-A trial pairs for YA, and 405 for OA (except for the first OA who did the 118 same amount as the YA (hence 396 pairs), and one OA for which one block was lost, resulting in 324 119 pairs). In addition, on average 72 and 65 visual-only trials were interleaved to maintain attention (V trials 120 always came after A trials, thus not interrupting the AV-A sequence), for the YA and OA respectively, 121 resulting in a total of 864 trials for YA and 875 trials for OA. Trials were pseudo-randomized and divided 122 into 4 blocks for YA and 5 blocks for OA. Each trial started with a fixation period (uniform 700 ms -1100 123 ms), followed by the stimulus (50 ms). After a random post-stimulus period (uniform 400 ms -700 ms) 124 the response cue emerged, which was a horizontal bar along which participants could move a cursor.
125
A letter 'T' was displayed on the cursor for 'tone' in the AV or A trials, and 'V' for the V trials to indicate 126 which stimulus participants had to localize. There was no constraint on response times. Inter-trial 127 intervals varied randomly (uniform 900 ms -1200 ms). A typical sequence of trials is depicted in Figure   128 1B. Participants were asked to maintain fixation during the entire trial except the response, during which 129 they could freely move their eyes.
130
All participants underwent a test for spatial hearing prior to the main study. We used four of the five 131 potential sound locations (excluding the middle one) and asked participants to indicate the perceived 132 location by pressing left or right keys on a keyboard (2-AFC procedure). The median accuracy across 133 all four sound positions for YA was 97.5% (range: 85.0% ~ 100%) and 92.5% (range: 72.5% ~ 100%) 134 for OA, indicating they could localize the sounds well. We compared the thresholds (at 50% correct) and 135 slopes obtained from psychometric fits (fitted with a logistic function, free but equal lapse and guess 136 rates) (psignifit toolbox version 4) between groups: the thresholds were 1.09° ± 2.56°, 1.00° ± 4.05° 137 (mean ± SD) for the YA and OA respectively, and the slopes 0.074 ± 0.018 and 0.052 ± 0.023, 138 respectively. A Wilcoxon rank sum test showed no difference for thresholds (p = 0.9112, z value = 0.111), 139 but indicated significantly different slopes (p = 0.01, z value = 2.77, corrected for multiple comparisons 140 with the Holm method), suggesting that YA were more sensitive to auditor spatial information than OA. 
Analysis of behavioral biases 148
We quantified the perceptual biases observed in the AV and A trial as follows. The single-trial 149 Ventriloquist effect (ve) was defined as the bias induced by the visual stimulus away from the true sound 150 location in the AV trial: i.e. the difference between the reported sound location (RAV) and the location at 151 which the sound (AAV) was actually presented (ve = RAV -AAV). Then, the overall VE-bias for each 152 participant was defined as the regression slope of ve against the audio-visual discrepancy (ΔVA).
153
The Ventriloquist after-effect was defined as the bias in the reported sound location in the auditory trial 154 relative to the audio-visual discrepancy experienced in the previous trial. The single-trial Ventriloquist 155 after-effect (vae) was computed as the difference between the reported sound location (RA) and the 156 mean reported location for all A trials of the same stimulus position (μRA), i.e., (vae = RA -μRA). This was 157 done to ensure that any overall bias in sound localization (e.g. the tendency to perceive sounds closer 158 to the midline than they actually are) would not influence this measure (D. R. Wozny and Shams, 2011).
159
Then the overall VAE-bias was quantified as the slope of vae against ΔVA for each participant.
160
To understand the main causes of these response biases we modelled the single trial responses using 161 general linear models. We compared three models as potential explanation of the response in the AV 
Reaction times (RT) 174
RTs were obtained when participants clicked with the mouse to indicate the perceived spatial location.
175
RTs hence included both perceptual decision times and motor noise. Still, to obtain an overall measure 176 of response speed, we compared the participant-averaged RTs between groups and trial types (AV, A). 177
Statistical Analysis 178
Behavioral biases were tested against zero using two-sided Wilcoxon signed rank tests, corrected for 179 multiple tests using the Holm procedure with a FWE of p = 0.05. Behavioral biases between groups 180 were tested with the Wilcoxon rank sum test for equal medians (corrected using the Holm procedure 181 with a FWE of p = 0.05). General linear models were fit using maximum-likelihood procedures (fitglme.m 182 in MATLAB). The Scheirer-Ray-Hare test (Sokal and Rohlf, 1981 ) was used to test for a non-parametric 183 Group x Trial type (A trial or AV trial) interaction for the bias standard deviations and reaction times. 184 2.6.
Model-based Analyses 185
Bayesian Causal Inference Model of Integration 186
In order to investigate which aspect of underlying sensory computations is affected by aging, we 187 modelled the behavioral data using Bayesian causal inference (BCI) models with different potential 188 decision strategies. These models have been shown to capture the computations underlying flexible 
221
The MS strategy uses the posterior probability to guide the decision by choosing the estimate associated 222 with the causal structure of higher probability:
Finally, PM strategy uses a stochastic selection criterion, by choosing a causal scenario in proportion to 226 its posterior probability, which can be implemented by sampling a random ξ from a uniform distribution 227 on each trial: , or the influence of the previous audio-visual discrepancy on the current acoustic information, + 245 ∆ . By using the sum of the audio-visual discrepancy ∆ and the current sound location we 246 ensured that the same spatial dimension was used for both versions of the model. Here PCOMT reflects 247 the tendency to combine the previous experience with the current evidence. The estimates derived 248 under the two causal scenarios were then derived similar as in equations 2 and 3.
249
For the VAE we considered model averaging as the only decision strategy. The reason was that the 250 response in the auditory trial RA is always in large determined by the current sound, with the previous 251 trial adding only a proportionally small bias. In contrast to this, the MS or PM decision strategies would 252 allow for trials with responses determined solely based on the previous experience and ignoring the 253 current acoustic information, which seems at odds with the behavioral data on the VAE. Figure 2A , B shows the response biases for audio-visual integration (ve) and the trial by trial aftereffect 296 (vae). The magnitudes of biases were all significantly larger than zero (two-sided Wilcoxon signed rank 297 tests, corrected for multiple tests using the Holm procedure with a FWE of p = 0.05) for nearly all non-298 zero discrepancies (ΔVA) for both groups (c.f. Figure 2A-B) . The average strength of neither bias, 299 quantified as regression slope of ve (vae) against the multisensory discrepancy ( Figure 2E-F) , differed 300 between groups. The VE effect sizes were 0.36 ± 0.28 (mean ± SD) for YA and 0.51 ± 0.19 for the OA.
301
The VAE effect sizes were 0.07 ± 0.06 (mean ± SD) for YA and 0.04 ± 0.04 for the OA. A Wilcoxon rank 302 sum test did not provide evidence for any significant group-level difference (p = 0.15, Z = -1.79 for both 303 biases, corrected for multiple comparisons with the Holm method; c.f. Figure 2E-F Increased variability in perceptual bias in the OA 306
We quantified the trial-by-trial variability of the ve/vae biases to compare the within-participant 307 consistency of these between groups. As the data ( Figure 2C ) suggested also a difference between 308 multisensory (AV) and unisensory trials (A), we tested for effects of both group and trial-type using a 
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To assess the quality of the model fit we calculated the explained variance across conditions. The 
349
Comparing the model parameters of the participant-specific best-fitting models between groups 350 revealed a significantly reduced sensory precision for auditory and visual spatial information in the OA 351 ( Figure 3B ; Table 2 ). The other model parameters did not differ. With regards to our main questions 352 these data show that overall the same class of sensory computations (i.e. the BCI models) can explain 353 the VE bias for both groups. While there seem to be differences in the prevalence of individual decision 354 strategies between groups, the a priori belief that the auditory and visual stimuli are causally linked 355 (PCOM) did not differ (Table 2) . Hence, both groups tended to combine the audio-visual evidence to the 356 same degree.
357
We confirmed that the model not only reproduces the mean bias for individual participants (Figure 2A 
401
The comparison of candidate VAE CI models confirmed the above result that in the YA the response in 402 the A trial was better explained by the previous multisensory discrepancy (ΔVA), whereas in the OA it 
407
The parameters for the participant-specific best-fitting models are shown in Figure 4C . Again we found 408 group-difference in the precision of the unisensory auditory representation (σA; c.f. Table 3 ), in line with 409 the results on the VE above. Also the central bias (μP) differed between groups, suggesting a somewhat 410 stronger spatial lateralization bias in the YA. Importantly, and similar as for the ventriloquist effect, the a 411 priori belief into an association of the two trials (PCOMT) did not differ (Table 3) 
Qualitative validation of model parameters 425
We confirmed the validity of the participant-specific best-fitting BCI models by further relating model 426 parameters to the behavioral data.
427
First, we confirmed that the PCOM variable, i.e., the tendency to bind the visual and acoustic stimuli during 428 the VE, indeed predicts the strength of the participant specific VE-bias (derived in Figure 2C 
445
The above modelling results suggest a mechanistic link between the AV trial (stimulus, or response) 446 and the subsequent response bias in the A trial. To directly capture this single-trial link, we derived an 447 index of this trial-wise coupling by computing the participant-specific correlation between the single-trial 448 ve and vae biases (termed 'cvv'). This trial-wise coupling was significant for 19 out of 22 participants in 449 the YA, and 15 out of 21 in the OA (at p < 0.05). Numerically the average link was larger for the YA than 450 the OA (average correlation coefficients 0.224 and 0.154 for YA and OA), and a permutation test 451 suggested that the difference approaches significance (10000 permutations of group-labels, p = 0.0517).
452
We then used this index of single-trial link (cvv) to further explore the group-differences in how the VAE 453 is related to the multisensory discrepancy experienced during the AV trial. For the YA, the above 454 modelling results suggest that the vae is directly driven by the multisensory discrepancy, hence 455 predicting a correlation between the amount of cvv and the participant-specific VAE-bias: this was 456 indeed confirmed (rho = 0.66, p = 0.0009, CI = [0.30 0.86]). Furthermore, if the strength of multisensory 457 integration in the AV trial determines the vae, one should also expect a correlation between the 458 participant-specific VE-bias and the cvv: this was also confirmed (rho = 0.47, p = 0.0276, CI = [-0.03 459 0.85]).
460
For the OA, the modelling results suggest that the vae is driven by the experience in the previous trial.
461
Hence, also in this group the cvv should be related to the participant-specific VAE-bias, which we 462 confirmed (rho = 0.61, p = 0.0031, CI = [0.20 0.86]). However, in the OA the after-effect was driven by 463 the previous response, rather than the audio-visual discrepancy. Hence, we expected the correlation 464 between the VE-bias and the single-trial link to be weak, which was indeed the case (rho = 0.13, p = 465 0.5825, CI = [-0.37 0.55]). Overall this supports the conclusion that in both groups the overall response 466 bias in the A trial is related to the correlation of response biases between trials. But only in the YA this 467 trial-wise bias correlation is driven by the previous multisensory discrepancy, while in the OA it is driven 468 by their previous motor response. 469 470
DISCUSSION 471
While previous studies described multiple changes in multisensory perception with age, the precise 472 origin of these remained unclear. We used a model-based approach to characterize and disentangle 473 age-related changes at four levels of the sensory decision process: the precision of uni-sensory 474 representations, the a priori belief that two items of sensory-motor information are causally linked, the 475 decision rules used to forge sensory estimates derived from different causal models, and the overall 476 ability of the same computational architectures to account for the behavioral data of younger and older 477 participants. Our data show that both the strength of the ventriloquist bias and its after-effect are 478 comparable between groups, and can be explained by the same class of computational models, albeit 479 with differences in the prevalence of different decision strategies. However, the OA exhibited a 
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Supporting this notion of a preserved multisensory capacity in the elderly we found similar response 497 biases during multisensory integration and recalibration in young and elderly participants. This 498 preserved multisensory capacity in the OA is reflected in two key findings. First, the behavioral data in 499 both the VE and VAE conditions can be explained by the same class of perceptual models in both 500 groups, suggesting that the qualitative computations underlying multisensory perception are preserved 501 with age. Second, the a priori belief about a common source underlying the audio-visual information 502 during integration, and the belief about a causal association between trials during the after-effect, did 503 not differ between groups. This suggests that the overall tendency to combine sensory attributes in a 504 ventriloquist setting are not affected by aging. 505
4.2.
Changes in multisensory decision making with age 506
In line with previous work we found that the pattern of audio-visual integration during the VE can be 
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We found that the decision strategy best explaining the group-level data differed between groups: for 512 the YA probability matching provided the best group-level fit, in line with previous studies on spatial 
514
To our knowledge no previous study has compared different putative decision strategies for multisensory 515 integration in the elderly. In the present data the model selection strategy provided the best group-level 516 fit for the OA, suggesting that the processes and behavioral strategies converting multisensory evidence Changes in sequential response patterns with age 522
The ventriloquist after-effect describes a trial-by-trial adaptive change in perceptual reports. In principle, 523 this serial dependency in behavior may be driven by the sensory information received during the 524 previous trial, or the participant's response committed on that trial, or a mixture of these (Park and 525 Kayser, 2019; Van der Burg et al., 2018). Corroborating the sensory nature of the VAE, we have 526 previously shown that in young participants the previous audio-visual discrepancy is a better predictor 527 of the current spatial sound localization including the VAE bias than the previous motor response (Park 528 and Kayser, 2019) (see also Van der Burg et al., 2018) . Here we confirmed this sensory nature of the 529 VAE for the YA. However, for the OA we found the aftereffect is better explained by the previous motor 530 response than the multisensory discrepancy. This result was consistently obtained in the group-level fit 531 (summed-BIC) of both linear and Bayesian models to the behavioral data, and suggests a shift from 532 sensory-driven to a behavior-driven influence of past experience with increasing age.
533
In speculating about the origin of this shift, we note that the trial-by-trial ventriloquist aftereffect has been 534 linked to brain structures implied in memory . In general, memory is known to 535 decline with age (Nyberg and Pudas, 2019), but interestingly, episodic memory seems to be more 536 affected than procedural memory (Nyberg et al., 2012; Small, 2001) . The active nature of the overt 537 response in the present paradigm (cursor movement) may generally boost its maintenance over time 538 compared to the sensory information (Cohen, 1989 ). In the OA, the reduced sensory precision of the 539 auditory representations may also have contributed to a prevalence of the sensory memory between 540 trials. Hence, the shift from a sensory information-based adaptive bias to a motor-based bias with age 541 may be a multi-faceted effect arising from both a reduced episodic memory and a reduced sensory 542 precision with age. 543
Conclusion 544
Aging seems to have limited effects on the strength of two typically observed multisensory sensory 545 biases in spatial perception. The mechanisms shaping multisensory integration within a trial were 546 comparable between young and older participants, including the tendency to combine evidence across 547 two senses. In contrast, the mechanisms shaping the multisensory-aftereffect differed, suggesting a 548 transition from a sensory-to a behavior-driven influence of past experience on subsequent choices with 549 age, possibly related to the reduced sensory precision or memory capacity in the elderly. 
